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ABSTRACT
G+0.693-0.03 is a quiescent molecular cloud located within the Sagittarius B2 (Sgr
B2) star-forming complex. Recent spectral surveys have shown that it represents one
of the most prolific repositories of complex organic species in the Galaxy. The origin of
such chemical complexity, along with the small-scale physical structure and properties
of G+0.693-0.03, remains a mystery. In this paper, we report the study of multiple
molecules with interferometric observations in combination with single-dish data in
G+0.693-0.03. Despite the lack of detection of continuum source, we find small-scale
(0.2 pc) structures within this cloud. The analysis of the molecular emission of typical
shock tracers such as SiO, HNCO, and CH3OH unveiled two molecular components,
peaking at velocities of 57 and 75 km s−1. They are found to be interconnected in
both space and velocity. The position-velocity diagrams show features that match
with the observational signatures of a cloud-cloud collision. Additionally, we detect
three series of class I methanol masers known to appear in shocked gas, supporting
the cloud-cloud collision scenario. From the maser emission we provide constraints
on the gas kinetic temperatures (∼30-150 K) and H2 densities (104-105 cm−2). These
properties are similar to those found for the starburst galaxy NGC253 also using
class I methanol masers, suggested to be associated with a cloud-cloud collision. We
conclude that shocks driven by the possible cloud-cloud collision is likely the most
important mechanism responsible for the high level of chemical complexity observed
in G+0.693-0.03.
Key words: Galaxy: centre – ISM: molecules – ISM: kinematics and dynamics –
ISM: clouds
1 INTRODUCTION
The inner ∼500 pc of the Milky Way is known as the Cen-
tral Molecular Zone (or CMZ). It is a heavily processed re-
gion and a hotbed of star formation activity, containing the
most extreme massive star formation sites (Morris & Ser-
abyn 1996) in our Galaxy. A significant part of the molecular
? E-mail: shaoshan.zeng@riken.jp
gas in the CMZ, however, is found in quiescent giant molecu-
lar clouds (GMCs), which exhibit a high level of turbulence
(highly supersonic) and little, or non-existent, star forma-
tion activity (e.g. Longmore et al. 2013; Kauffmann et al.
2017; Lu et al. 2019b,a). In contrast to GMCs in the Galactic
disk, GMCs in the CMZ are exposed to energetic phenomena
such as shock waves (due to the high level of turbulence),
intense UV radiation fields (from nearby massive stellar clus-
ters such as the Arches and the Quintuplet clusters), X-rays
© 2020 The Authors
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(coming from the central and massive black hole) and en-
hanced cosmic-ray ionisation rates (e.g. Bally et al. 1987a;
Koyama et al. 1989; Goto et al. 2013; Yusef-Zadeh et al.
2013; see also Mills et al. 2018, and references therein). The
physical conditions of the CMZ molecular clouds therefore
differ substantially from the rest of the Galaxy. Indeed, the
average H2 gas density (∼104 cm−3, Guesten & Henkel 1983;
Bally et al. 1987b; Rodr´ıguez-Ferna´ndez et al. 2000) is sev-
eral orders of magnitude above the average in the Galactic
disc, and the gas temperature typically ranges between ∼30
K to ∼150 K, (Huettemeister et al. 1993; Guesten et al. 1985;
Ott et al. 2014; Ginsburg et al. 2016; Krieger et al. 2017).
The gas temperature is decoupled from the much lower tem-
perature of dust grains of ≤20 K (Rodr´ıguez-Ferna´ndez et al.
2004; Nagayama et al. 2009).
One molecular cloud that stands out over the others
within the CMZ is designated by its Galactic coordinates
as G+0.693-0.03 (hereafter G+0.693). Single-dish spectral
surveys performed with the IRAM 30m and GBT telescopes
have revealed a plethora of molecular species including many
complex organic molecules (COMs) in the region of G+0.693
(Requena-Torres et al. 2008; Zeng et al. 2018; Rivilla et al.
2018, 2019; Jimenez-Serra et al. 2020). It is believed that
G+0.693 represents one of the largest molecular repositories
of COMs in our Galaxy (Requena-Torres et al. 2006, 2008).
G+0.693 can be found within the Sagittarius B2 (Sgr B2
hereafter) star-forming cloud, which is known to be one of
the most active sites of star formation in our Galaxy. As a
whole, Sgr B2 can be distinguished into three different parts:
a low-density envelope, a moderate density region, and the
most compact, densest molecular regions (as illustrated in
Schmiedeke et al. 2016).
At the centre of the envelope, three sources named ac-
cording to their relative location in an equatorial coordinate
system, Sgr B2(North), Sgr B2(Main), and Sgr B2(South),
are positioned along a north-south ridge. Especially, the for-
mer two are well-known sites for active star formation that
comprise all the typical signposts of massive star formation
such as, hot cores, molecular masers of H2O, OH, H2CO,
CH3OH, and SiO, and ultra-compact H II regions (see e.g.
Mart´ın-Pintado et al. 1999; De Vicente et al. 2000; Jones
et al. 2008, and references therein). The morphology and
kinematic features identified in Sgr B2 have been interpreted
as the result of a cloud-cloud collision (Hasegawa et al. 1994,
2008; Sato et al. 2000; Tsuboi et al. 2015), which possibly
triggered this intense star-formation activity.
Considering Sgr B2N is at an earlier stage of star forma-
tion than Sgr B2M (Miao et al. 1995; De Vicente et al. 2000),
one might postulate that the star formation activity occurs
sequentially from Sgr B2M to north. If this is the case, early
star formation activity is also expected in G+0.693 since it
is located also at the ridge just only ∼55′′ north-east away
from Sgr B2N. However, signposts of ongoing star forma-
tion such as UC H II regions, H2O masers, class II CH3OH
masers, or H2CO masers or even precursors of massive star
formation such as dust continuum sources have not yet been
detected toward G+0.693 (Ginsburg et al. 2018; Lu et al.
2019a). The nature of G+0.693 remains quiescent. Recent
star formation of intermediate (2-8 M) and high-mass stars
(>8 M) can however be masked even in high-sensitivity
continuum observations by large amounts of dust in deeply
embedded molecular clouds, as found for the intermediate
mass hot core found in the Cepheus A HW2 system (see
e.g. Mart´ın-Pintado et al. 2005; Jime´nez-Serra et al. 2009).
Therefore, if present, high-angular resolution observations of
rotational molecular lines are better probes of young massive
star formation in the form of intermediate- and high-mass
hot molecular cores (Jime´nez-Serra et al. 2007, 2009). In
fact, the presence of hot core-like sources in G+0.693 would
explain the high level of chemical complexity found in this
source, with over 40 COMs detected including the prebi-
otic molecules cyanomethanimine and urea (Requena-Torres
et al. 2008; Zeng et al. 2018; Rivilla et al. 2019; Jimenez-
Serra et al. 2020). Up to date, there are more than 200
molecules that have been detected in the ISM of which about
one third of them (∼70) are COMs (molecules containing 6
or more atoms)1. G+0.693 is therefore an ideal candidate
to improve our understanding of the origin of COMs in the
ISM.
Besides, the chemical richness observed in G+0.693
could also be related to the presence of large-scale, low-
velocity shocks that populate the Galactic Centre. In low-
velocity shocks (with shock velocity of ∼20 kms−1), dust
grains are efficiently sputtered, fully releasing the materials
present in the icy mantles (including COMs), and partially
eroding grain cores (see e.g. Jime´nez-Serra et al. 2008). This
is consistent with widespread SiO emission detected across
the Galactic Centre (Mart´ın-Pintado et al. 1997). Additional
support for the shock scenario comes from the detection of
class I methanol masers in the region (see Liechti & Wilson
1996; Jones et al. 2011). Usually Class I methanol masers
are formed in regions of recent star formation associated
with outflow activity. It is believed that the physical con-
ditions and the CH3OH abundance required for this type
of masers in the material has experienced shock interaction
(e.g. Voronkov et al. 2006; Cyganowski et al. 2009; Pihlstro¨m
et al. 2014).
The origin of a large-scale, low-velocity shock in the
quiescent GMC G+0.693 is unknown. Two scenarios have
been proposed: 1) the shocks in G+0.693 could be pro-
duced by small-scale expanding wind-blown bubbles driven
by evolved massive stars (Mart´ın-Pintado et al. 1999); or
2) these shocks are associated with a large-scale cloud-cloud
collision, as mentioned earlier. Henshaw et al. (2016) inves-
tigated the large-scale kinematics of Sgr B2N complex and
identified a conical profile of Sgr B2 in the position-position-
velocity space (see their Figure 17). This feature coincides
with the location of G+0.693 where two gas streams could
be merging into a cloud-cloud collision, consistent with the
second hypothesis. Other interpretations are related to the
global orbital structure of the molecular gas in the CMZ, or
a signature of global collapse (J.Henshaw, private commu-
nication).
With the purpose of understanding the origin of COMs
in G+0.693 i.e. the main mechanism(s) responsible for the
peculiar chemistry observed, we have used interferometric
submillimeter observations of several rotational molecular
lines to gain insight into the morphology, the kinematics,
and the physical properties of G+0.693 at small scales, which
have not been studied in detail before. We also report the
detection of a series of class I methanol masers, usually as-
1 https://cdms.astro.uni-koeln.de/classic/molecules
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sociated with shocks, toward this source by using single-dish
telescopes which provide constraints on the physical proper-
ties of the shocked gas experiencing the maser amplification.
This paper is distributed as follows: Section 2 describes the
data used throughout this study. The main results are de-
picted and discussed in Section 3 and 4. Throughout this
study, we adopt a distance to the Galactic Centre of 8.4 kpc
(Reid et al. 2014).
2 OBSERVATIONS
2.1 Submillimeter Array (SMA) observations
We used the archival Submillimeter Array (SMA)2 data in
the compact configuration from CMZoom survey (project
code: 2013B-S091, PIs: C.Battersby and E. Keto; Battersby
et al. 2017, 2020) and sub-compact configuration (project
code: 2013B-S055) to study the small-scale morphology and
kinematics of G+0.693. The data set is a six-pointing mo-
saic around the position of G+0.693 observed at the 230
GHz band in 2014. The primary beam of SMA is ∼55′′ at
the observed frequency. A total bandwidth of 8 GHz is cov-
ered in two sidebands: rest frequencies of 216.9-220.8GHz
covered in the lower sideband whilst 228.9-232.9 GHz cov-
ered in the upper sideband. The continuum data were also
obtained within the same observation by averaging line-free
spectral channels over the 8 GHz bandwidth. The typical
spectral resolution is 0.812 MHz which is equivalent to a
velocity resolution of ∼1.1 kms−1.
Data calibration was carried out in mir3 and miriad
(Sault et al. 1995). Spectral lines and continuum were sub-
sequently imaged and analysed using casa (McMullin et al.
2007). A 1.3 mm continuum map was generated averaging
channels free of line emission. The resulting image has a
synthesised beam of 4′′.0 × 3′′7 (equivalent to 0.16 pc ×
0.14 pc) with a position angle of 30◦.2. Each of the detected
molecular lines was imaged separately. The line maps have
a typical synthesised beam of ∼4′′.4 × 4′′.0 (equivalent to
0.18 pc × 0.16 pc) with a position angle of 33◦.7, The rms
of continuum map and spectral line maps is ∼5 mJy beam−1
and ∼0.2 Jy beam−1 per 1.1 km s−1 channel respectively.
2.2 Atacama Pathfinder EXperiment (APEX)
data
For the spectral lines, we also utilised the single-dish data
observed with Atacama Pathfinder EXperiment (APEX)
(Ginsburg et al. 2016) at 216.9-220.9 GHz which covers the
same frequency range as the lower sideband of our SMA ob-
servation. However, no single-dish data are available to cover
the same frequency range as the upper sideband (228.9-232.9
GHz). Hence molecules detected in the upper sideband will
not be imaged and analysed.
Although the SMA observations were performed in both
2 The SMA is a joint project between the Smithsonian Astrophys-
ical Observatory and the Academia Sinica Institute of Astronomy
and Astrophysics and is funded by the Smithsonian Institution
and the Academia Sinica.
3 mir is an IDL-based package developed to calibrate SMA data
(Available at https://www.cfa.harvard.edu/ cqi/mircook.html.)
compact and sub-compact configurations, the data still suf-
fer from missing flux due to limited uv-converage of short
baselines of the interferometer. To account for this, we com-
bined the SMA interferometric data with the APEX single-
dish data by employing the feather task in CASA. All the
maps presented in this work are not corrected for primary-
beam response in order to have a uniform rms level across
the maps.
2.3 Single-dish observations with Yebes 40m,
IRAM 30m and GBT telescope
The observations of the class I methanol masers at
36.169 GHz and at 44.069 GHz were carried out with the
Yebes 40m telescope4 (de Vicente et al. 2016) located at
990 m of altitude in Yebes (Guadalajara, Spain), during
6 observing sessions in February 2020. The equatorial co-
ordinates of the G+0.693 source were αJ2000 = 17
h 47m 22s,
δJ2000 =−28◦ 21′ 27′′. Due to the low declination of the
source and the Yebes latitude (+40◦ 31′ 29.6′′), the source
was only 5 hours above an elevation of 15◦ per observing
session, reaching a maximum elevation of 21◦. We used the
new Q band (7 mm) HEMT receiver that allows broad-band
observations in two linear polarizations. The receiver is con-
nected to 16 fast Fourier transform spectrometers (FFTS)
with 2.5 GHz of spectral coverage and 38 kHz of spectral res-
olution. This system provides an instantaneous bandwidth
of 18 GHz per polarization in the frequency range between
31.5 GHz and 50 GHz (F. Tercero et al. in preparation). The
intensity scale was calibrated using two absorbers at differ-
ent temperatures and the atmospheric transmission model
(ATM, Cernicharo 1985; Pardo et al. 2001).
The observational procedure was position switching
mode with the reference position located at ∆α=−885′′
and ∆δ= +290′′ with respect to G+0.693. The telescope
pointing and focus were checked every one or two hours
through pseudo-continuum observations towards VX Sgr, a
red hypergiant star near the target source, with strong SiO
v = 1 J = 1−0 (at 43.122 GHz) maser emission. Pointing er-
rors were always kept within 5′′ in both axes.
The spectra were measured in units of antenna tem-
perature, T∗A, and corrected for atmospheric absorption and
spillover losses. At 36 GHz, system temperatures were in the
range 75− 180 K depending on the observing session (with
pressure water vapour ranging from 6 mm to 10 mm) and
source elevation (from 15◦ to 20◦). At this frequency, the
aperture efficiency, the conversion factor between flux (S)
and antenna temperature (T∗A), and the half power beam
width (HPBW) of the Yebes 40m telescope are respectively
0.43, 4.6 Jy/K, and 48′′.
In addition, we also used a spectral line survey to-
ward G+0.693 performed with the IRAM 30m telescope
at Pico Veleta5 (Spain) and the NRAO6 100m Robert C.
Byrd Green Bank telescope (GBT) in West Virginia (USA),
4 http://rt40m.oan.es/rt40m en.php
5 IRAM is supported by INSU/CNRS (France), MPG (Ger-
many), and IGN (Spain).
6 The National Radio Astronomy Observatories is a facility of
the National Science Foundation, operated under a cooperative
agreement by Associated Universities, Inc.
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Figure 1. Left: SMA 1.3 mm continuum map centred at the position of G+0.693. Grey solid contours represent 5σ-55σ levels in steps
of 10σ, where 1σ=5 mJy/beam whilst grey dashed contour represents -5σ level. The SMA synthesised beam, 4′′.0 × 3′′7 with a position
angle of 30◦.2, is shown in the lower-left corner. The black cross, triangle and star symbol indicate the position of G+0.693, HII region
L, and Sgr B2N respectively. The brown and black dashed circle indicate respectively the largest beam size (∼29′′) of IRAM 30 m
observations and Yebes 40 m (∼48′′) observations toward G+0.693. Right: ALMA 3 mm continuum map from Ginsburg et al. (2018)
centred at the position of G+0.693. White contours represent 5σ-55σ levels in steps of 10σ, where 1σ=0.78 mJy/beam. The synthesised
beam, 2′′.35 × 1′′.99 with a position angle of 74◦.6, is shown in the lower-left corner. The label for each source is the same as left panel.
Figure 2. Full spectra measured between 216.9-218.8 GHz (upper panel) and 218.9-220.8GHz (lower panel) in the lower sideband of
the SMA observations. Detected molecular species are identified and labelled with their name and transition. Horizontal red dashed line
marks the 3σlevel.
MNRAS 000, 1–15 (2020)
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covering frequencies from 12 to 272 GHz. The observa-
tions were centred at the coordinates αJ2000 = 17
h 47m 22s,
δJ2000 =−28◦ 21′ 27′′. We refer to Zeng et al. (2018) for more
detailed information on the observations.
3 RESULTS
3.1 The 1.3 mm continuum map
The continuum map made with only the SMA data is shown
in left panel of Figure 1. The pointing position of G+0.693
(α(J2000.0)= 17h 47m 22s and δ(J2000.0)= -28◦ 21′ 27′′)
used in previous IRAM 30 m surveys (see e.g. Zeng et al.
2018) is indicated by a black cross. Consistent with the non-
detection of ALMA 3 mm continuum emission in the Sgr
B2M and N region recently reported by Ginsburg et al.
(2018, see right panel of Figure 1), no clear continuum peak
is detected with the SMA at 1.3 mm toward the position of
G+0.693. This supports the idea that no massive star forma-
tion is taking place within the cloud. To estimate an upper
limit to the mass of any possible protostellar core present in
the source, we use the following equation:
M =
Fνd2
Bv(Tdust)κν
Mgas
Mdust
(1)
where
Mgas
Mdust
is the gas-to-dust mass ratio, Fν is the con-
tinuum flux, d is the distance to the target, Bν(Tdust) is the
Planck function at dust temperature Tdust , and κν is the
dust opacity. We assumed
Mgas
Mdust
= 100, d = 8.4 kpc, Tdust
= 20 K determined from Rodr´ıguez-Ferna´ndez et al. (2004);
Nagayama et al. (2009), and κν = 0.899 cm
2g−1 (MRN model
with thin ice mantles, after 105 years of coagulation at den-
sities of 106 cm−3; Ossenkopf & Henning 1994)7. From the
3σ rms noise level measured in our SMA 1.3mm continuum
image (15 mJy), we derive an upper limit to the mass of
the proto-stellar envelope of ≤2.3 M. This value is above
the typical lower limit of low-mass Class 0 and I envelope
masses (>0.5 M; Arce & Sargent 2006), which means that
either a low-mass or an intermediate-mass embedded source
may exist. To provide further constraints, we carried out the
same calculation for the more sensitive ALMA 3 mm con-
tinuum from Ginsburg et al. (2018) (see Figure 1). From
the 3σ rms noise level (2.3 mJy), we derive a proto-stellar
envelope mass ≤0.36 M, which is below the lower limit of
Class 0 envelope masses. This confirms that G+0.693 is qui-
escent and rules out the possibility that the origin of the
molecular complexity found in G+0.693 is due to hidden
star-formation.
3.2 Molecular distributions
As summarised in Table 1, 12 molecular lines were detected
in G+0.693 by the combination of SMA and APEX observa-
tions. Spectra of the SMA-only full 4 GHz lower sideband are
7 In the GC, most of the ices have been released into the gas
phase because of the shocks, so it is not expected that much of
the ices remains in solid state.
Table 1. Parameters of detected molecular lines.
Molecule Transition Rest Frequency Eup
(GHz) (K)
SMA+APEX
SiO J=5-4 217.1050 31.26
c-C3H2 JKa,Kc=61,6-50,5 217.8221 38.60
c-C3H2 JKa,Kc=51,4-42,3 217.9400 35.41
H2CO JKa,Kc=30,3-20,2 218.2222 20.96
CH3OH J=42-31 218.4401 45.46
H2CO JKa,Kc=32,2-22,1 218.4756 68.09
HC3N J=24-23 218.3247 130.98
H2CO JKa,Kc=32,1-22,0 218.7601 68.11
C18O J=2-1 219.5603 15.80
HNCO J=10-9 219.7983 58.02
SO J=6=5 219.9494 34.98
13CO J=2-1 220.3986 15.86
GBT
CH3OH JKa=32-31 E 24.9287 36.17
CH3OH JKa=42-41 E 24.9335 45.46
CH3OH JKa=22-21 E 24.9344 29.21
CH3OH JKa=52-51 E 24.9591 57.07
CH3OH JKa=62-61 E 25.0181 71.00
Yebes 40m
CH3OH JKa=4−1-30 E 36.1692 28.79
CH3OH JKa=70-61 A 44.0693 64.98
IRAM 30m
CH3OH JKa=5−1-40 E 84.5211 40.39
CH3OH JKa=80-71 A 95.1693 83.54
CH3OH JKa=6−1-50 E 132.8907 54.31
CH3OH JKa=8−1-70 E 229.7587 89.10
The parameters are taken from the Jet Propulsion Laboratory
(JPL) molecular catalog8 (Pickett et al. 1998) and the Cologne
Database for Molecular Spectroscopy (CDMS)9 (Mu¨ller et al.
2001, 2005; Endres et al. 2016).)
presented in Figure 2. We note that for most of the molecu-
lar species analysed here, we only have one detected transi-
tion each detected in our dataset. This does not allow us to
accurately determine the abundances of these molecules to-
ward this source. This aspect of the analysis will be covered
in a forthcoming paper using higher-sensitivity single-dish
surveys carried out toward G+0.693 with the IRAM 30m
and the Yebes 40m telescopes. Although 13CO (J=2-1) is
detected toward G+0.693, it is excluded from the analysis
as its emission is ubiquitous in the region and its spatial
distribution cannot be distinguished between G+0.693 and
Sgr B2N. Note that for c-C3H2(51,4-42,3), HC3N, and C
18O,
their emissions are not strong enough to show significant
kinematic feature in the emission map, hence they will also
be excluded from the analysis. Among the rest of the de-
tected lines, we show in Figure 3 their velocity-integrated in-
tensity, represented by the zeroth-moment maps. The maps
were made by integrating the molecular emission over a ve-
locity range between ∼50 and ∼90 km s−1. The overall dis-
tribution of molecular gas is extended and generally show an
elongated morphology which stretches along the north-south
MNRAS 000, 1–15 (2020)
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Figure 3. Integrated intensity (moment zeroth) maps of all the detected molecular lines in G+0.693 obtained from the merged
SMA+APEX datacubes. The synthesised beam (4′′.4 × 4′′.0 with a position angle of 33◦.7) is shown as a fucsia ellipse in the bot-
tom left corner. The dashed circle in each panel indicates the beam size (∼29′′) of previous IRAM 30 m observations toward G+0.693.
Grey contour levels represent 30%-80%, in the step of 10%, of the molecular peak. The location of Sgr B2N, G+0.693, and HII region L
are labelled as Figure 1.
direction. In particular, strong molecular emission tend to
distribute in an arch shape that surrounds the west side
of G+0.693. Moreover, a molecular condensation is clearly
seen in the same off-position, ∼5′′ (∼0.2 pc) south-west away
from the pointing position of G+0.693. Given that the beam
size of the IRAM 30 m observations is ∼29′′ (indicated by a
dashed circle in Figure 3), this shift in the peak position of
molecular emissions is conceivable and may imply the pres-
ence of smaller-scale structure that has never been observed
previously. Furthermore, the observed condensation might
be a density enhancement produced by shocked gas which
might represent the precursor of massive star-forming re-
gions. The relatively strong emission of well-known shock
tracers such as SiO, CH3OH, HNCO, and SO is shown to be
tracing the shocked materials around G+0.693. This further
supports the proposed mechanism that wealth of COMs ob-
served toward G+0.693 is likely due to widespread shocks
sputtering off grain mantles, releasing molecular species into
the gas phase (Mart´ın-Pintado et al. 1997; Requena-Torres
et al. 2006).
In the following, we will mainly focus on the shock
tracers: HNCO, SiO, CH3OH, and SO, detected in our
dataset to investigate the kinematics of G+0.693. In Figure
4, we present the integrated intensity maps of SiO, CH3OH,
HNCO, and SO at four different velocity ranges (i.e. 50-60,
60-70, 70-80, and 80-90 km s−1). At 50-60 km s−1, molec-
ular gas is distributed mainly on the east side in regard to
the position of G+0.693. On the other hand, the prominent
emission peak seen in Figure 3 distinctly appears on the
west side at 70-90 km s−1. The entangled gas distribution
present at 60-70 km s−1 may indicate that the lower and
higher velocity components are merged at this intermediate
velocity range. We hereafter refer the component at 50-60
km s−1 ’blue-shifted component’ and the component at 70-
90 km s−1 ’red-shifted component’. In Figure 5(a), the blue-
shifted component and red-shifted component (blue and red
contour respectively) are superimposed on the CH3OH in-
tegrated intensity map (colour scale). We also include the
same figure for HNCO, SO, and SiO emission in the Ap-
pendix as supplementary materials. It is interesting to note
that the northern and the southern part of these two com-
ponents are spatially overlapping while the middle region is
apart from each other. Since we have combined the SMA
observation with the APEX data, this middle region is not
caused by missing flux of the interferometric data. To fur-
ther examine the two velocity components, we display the
spectra toward our selected four small areas highlighted by
the respective box in Figure 5(a). Note that box 1 and 3 are
chosen at the southern and the northern region where two
clouds are overlapped; box 2 is chosen at the molecular peak
MNRAS 000, 1–15 (2020)
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Figure 4. Velocity channel distributions of SiO(5-4), CH3OH(4-3), HNCO(10-9), and SO(6-5) emission at velocity step of 10 km s
−1. In
each panel, the contour levels represent 30%-80%, in the step of 10%, of the molecular peak.
observed in zeroth-moment maps (see Figure 3); box 4 is cho-
sen at an area where two clouds are apart from each other.
Each spectrum is obtained by averaging each area (see Fig-
ure 5(b) - (e)). For the spectrum obtained from areas where
the blue-shifted component and the red-shifted component
is overlapped (i.e. box 1,2, and 3), the two velocity compo-
nents centred at ∼57 km s−1 and ∼75 km s−1 are presented
along with an almost flattened profile between two velocity
peaks. The latter can be interpreted as the so-called ’bridge
feature’, an observational signature of cloud-cloud collision,
at the intermediate velocity range which can also be seen in
a position-velocity diagram (more details in Discussions). In-
deed, the position-velocity diagrams of CH3OH (see Figure
5 (f) and (g)) depict consistently the bridge feature con-
necting the two clouds in velocity space. This feature is also
noticeable in the positive-velocity diagrams of other shock
tracers (see Figure A1-A3 in Appendix).
3.3 Methanol maser lines in G+0.693
Class I methanol masers are considered as good tracers of
outflow activity in star-forming regions. It is remarkable
that a rather strong class I methanol maser is detected in
G+0.693 where no star formation is taken place. Therefore,
the class I methanol maser is unlikely to be associated with
outflow activity. Indeed, unlike outflows, the methanol maser
emission at 36 GHz is extended over several parsecs across
the SgrB2 complex (see Liechti & Wilson 1996; Jones et al.
2011), which suggests that the physical conditions in the
large scale shocks give rise to the class I methanol maser in
the Sgr B2 region. Using the Yebes 40m telescope, we have
detected the two well-known class I methanol maser lines
4−1 - 30 E and 70 - 61 A at 36.2 GHz and 44.1 GHz re-
spectively toward G+0.693. Together with the spectral line
surveys obtained with GBT and IRAM 30m telescope, 11
class I methanol maser lines in total are identified toward
G+0.693 (see Table 1). They can be categorised into three
families: the J2 - J1 E series, the (J+1)−1 - J0 E series, and
the (J+1)0 - J1 A series (Leurini et al. 2016). All the line
profiles of the detected class I methanol maser lines are pre-
sented in Figure 6. Owing to the larger beam sizes of GBT,
IRAM 30m, and Yebes 40m observations, the presence of
two velocity components are not as clear as that shown in
the SMA+APEX data, but they seem to appear at the same
corresponding velocity range, most notable in (J+1)0 - J1 A
series.
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Figure 5. (a) Integrated CH3OH(4-3) emission map (colour scale) over velocity range of 50-90 km s
−1 around G+0.693. The blue and red
contours indicate the blue-shifted component (50-60 km s−1) and the red-shifted component (70-90 km s−1) respectively. The yellow boxes
(box 1 to box 4) denote the small areas that are used to obtain an average molecular spectra. Solid lines denoted with A-A’ and B-B’
represents the axis where a position-velocity diagram is extracted. (b)-(e) The spectra of CH3OH(4-3) averaged over the corresponding
small areas (i.e. box 1 to box 4; see highlighted boxes in Figure 5(a)). A blue and red vertical broken line indicates the peak velocity of
the blue-shifted and the red-shifted components respectively. The bridge features at the intermediate velocity range are annotated by
the arrows. (f) A position-velocity diagram along the axis A-A’ as shown in Figure 5(a) with a 3-pixel wide slit at P.A.=160◦. (g) A
position-velocity diagram along the axis B-B’ as shown in Figure 5(a) with a 3-pixel wide slit at P.A.=120◦.
The 36 GHz and 44 GHz methanol masers have already
been reported in the Sgr B2 region (Liechti & Wilson 1996;
Jones et al. 2011). The emission of these two lines are shown
to have different spatial distribution, in particular the 36
GHz line shows its strongest emission toward the position of
G+0.693 whilst the peak of 44 GHz emission appears near
Sgr B2N and Sgr B2M (see Figure 4 in Jones et al. 2011). For
the line profile obtained in this study, multiple narrow ve-
locity features are present in both 36 GHz and 44 GHz lines
which are likely associated to inhomogeneities in the shocked
gas. They also consist of broad (∼10-20 km s−1) components
as well as narrow (<5 km s−1) spike-like ones. However the
two line profiles seem to be complementary in velocity, the
brightest peak of 36 GHz line is offset with respect to the 44
GHz line. This possibly indicates that the masers are aris-
ing from different regions of the cloud. Furthermore, the 36
GHz emission appears much more prominent than the 44
GHz line toward G+0.693. This is rather unusual since ma-
jority of the sources with both 36 GHz and 44 GHz lines
detected are enhanced in 44 GHz (Voronkov et al. 2014).
By using the multiple CH3OH transitions covered in
our dataset, we attempt to constrain the physical prop-
erties of the gas that is experiencing masering amplifica-
tion by using the non-LTE radiative transfer code RADEX
(Van der Tak et al. 2007) with collision rates from Rabli
& Flower (2010). To run RADEX, we assume a uniform
spherical geometry and a cosmic microwave background ra-
diation temperature of T = 2.73 K. Given that the molecular
emission is extended, the beam-filling factor is assumed to
be unity. The CH3OH linewidth and column density were
fixed to δv = 20 km s−1 which is the derived median values
of CH3OH linewidth from 5 different transitions detected
in G+0.693 (Requena-Torres et al. 2008); and NCH3OH =
2.1×1016 cm−2 which is calculated from the derived CH3OH
abundance (5×10−7) with respect to H2 by adopting their de-
rived H2 column density = 4.1×1022 cm−2 (Requena-Torres
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Figure 6. Spectra of the class I methanol masers detected toward G+0.693. The blue dashed line denote the central radial velocity of
G+0.693. The corresponding transition and frequency is indicated at the top left corner in each panel.
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Figure 7. Log of χ2 fit results from RADEX analysis for J2 - J1 E series and (J+1)−1 - J0 E series of class I methanol masers for a wide
range of kinetic temperatures and H2 densities. Darker regions show a lower χ
2 which indicates better fits than lighter regions.
et al. 2008). The model grids encompass H2 densities in the
range of nH2 = 10
3 - 106 cm−3 and kinetic temperatures
Tkin range between 30 - 150 K. The line intensities gener-
ated by RADEX for all transitions can then be compared to
the measured line intensities. A reduced χ2 fitting was con-
ducted for each model to determine the best fit. Our results
are displayed in Figure 7. Although both J2 - J1 and (J+1)−1
- J0 series belong to E-CH3OH species, RADEX does not
converge when all the transitions are considered simultane-
ously. Indeed, different excitation conditions are required to
reproduce the CH3OH maser emissions from the two series.
For J2 - J1 E series, we obtain the minimum reduced χ
2 for
a density ∼ 1.0×105 cm−3 and temperature in a range of 40
- 90 K. While for (J+1)−1 - J0 E series, the density is well fit
between 104 - 105 cm−3 but the temperature is poorly con-
strained as low χ2 values are found across the temperature
range. With only two transitions detected for (J+1)0-J1 A
series, the models cannot provide constraints on density and
temperature. In general, our results agree with the finding
of Leurini et al. (2016) in which the class I masers in the 25
GHz series i.e. the J2 - J1 E series mase at higher densities
than other lines. They are also consistent with the physical
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conditions of typical Galactic centre molecular clouds with
little or no star formation activity. The difference in exci-
tation conditions support the idea that these maser series
likely arise from different parts of the cloud. It is notewor-
thy that the methanol emission at 218 GHz (52-41) which
is an analogue of the 25 GHz series (Voronkov et al. 2012;
Hunter et al. 2014) does not show inversion population in
our calculation. This means that the 218 GHz line is quasi-
thermal and it reflects the gas distribution in G+0.693.
4 DISCUSSIONS
4.1 Comparisons with observations in Sgr B2
region
Toward the Sgr B2 molecular cloud complex, Hasegawa et al.
(1994) discovered the characteristic kinematic features of a
’hole’ and a ’clump’ region in 13CO distribution (see the
sketch in Figure 8. The ’hole’ refers to a shell-like structure
with an inner cavity roughly 5′ in size and that appears for
the emission integrated between velocities of 40 - 50 km s−1.
The ’clump’ refers to a prominent emission peak that shows
up at the same position with similar morphology by integrat-
ing over the velocity range of 70 - 80 km s−1. As illustrated
in Figure 8, G+0.693 is located within the ’hole’ and ’clump’
region. Consistently, little molecular emission are present in
our study at the velocity range of 40-50 km s−1 while the
molecular emission peak is found at 70-80 km s−1. However,
our dataset does not cover a large enough area to reveal the
morphological complementarity between the ’hole’ and the
’clump’ features as reported in Hasegawa et al. (1994) and
Sato et al. (2000). In order to explain the existence of these
features, a cloud-cloud collision scenario has been put for-
ward (Hasegawa et al. 1994). The ’hole’ at velocities between
40 and 50 km s 1 is presumably created by a dense clump
with velocities between 70 and 80 km s 1 that is plowing into
a more extended molecular cloud, resulting in a cloud-cloud
collision with an inclination to the northeast with respect
to the line of sight, producing strong shocks in the interface
region. This hypothesis is further supported by Sato et al.
(2000). In such case, G+0.693 is possibly situated near the
northern interface where the interaction would be expected
to be stronger. Indeed, our observations seems to draw the
same picture where the red-shifted components at velocities
between 70 and 80 km s 1 (corresponding to the ’clump’)
interacts with the blue-shifted components at velocities be-
tween 50 and 60 km s 1, causing the deficient emission (the
’hole’) observed at velocities between 40 and 50 km s 1. And
the shock tracers detected toward G+0.693 likely trace the
shock associated with this cloud-cloud collision.
The gas kinematics of the Sgr B2 region have recently
been revisited by Henshaw et al. (2016) in which a coni-
cal structure is observed in position-position-velocity (PPV)
space with HNCO. Figure 8 only displays the base and the
tip of this conical structure. In comparison to the ’hole’ and
the ’clump’ features, the PPV-structure of Sgr B2 is con-
tinuous, i.e. there is no discontinuity between the velocity
of the ’hole’ and the emission peak. As a consequence, the
impression of a hole feature can be seen by integrating over
different velocity ranges except for the emission peak due
to the conical structure, but not only at velocity of 40-50
km s−1 as previously observed. In addition, Henshaw et al.
(2016) founds that the emission peak lies between 60-70 km
s−1, does not correspond to the ’clump’ at 70-80 km s−1. And
the molecular emission between 70-100 km s−1 is considered
to be related to an extended high-velocity feature present at
the north-east region beyond Sgr B2 complex.
This conical structure however, can have various inter-
pretations. One could argue that the cone shape is in fact
the result of a high-velocity cloud that is punching through a
cloud at lower velocity, supporting the cloud-cloud collision
scenario proposed by Hasegawa et al. (1994). The appear-
ance of a hole can be easily created due to the conical profile
and/or self-absorption of molecular line profile. Indeed, the
13CO emission used in Hasegawa et al. (1994) is known to be
affected by self-absorption (Sato et al. 2000). Furthermore,
the tip of the conical structure almost overlaps with the
position of G+0.693 (see Figure 8) which implies the same
idea that G+0.693 is expected to be affected by the shock
from the nearby cloud-cloud collision. On the contrary, such
conical structure is speculated to be closely linked to the
orbital dynamics of the gas in the CMZ (Kruijssen et al.
2019). In the models described by Kruijssen et al. (2015);
Henshaw et al. (2016); Kruijssen et al. (2019), the gas in
the inner CMZ (R<120 pc) is represented by open steam(s)
following an eccentric orbit. Sgr B2 resides close to the apoc-
enter where the orbit curves off, causing the superposition
of clouds along the line of sight (see Figure 8). The coni-
cal structure observed is suggested to be naturally created
in this manner without invoking the event of cloud-cloud
collision.
In spite of these, several shell-like features are identi-
fied by Tsuboi et al. (2015, labelled as Shells 1-6) in the Sgr
B2 complex in SiO and H13CO+. The detailed parameters
of these shells are given in Table 4 of their paper. In Fig-
ure 8, it shows that G+0.693 is close to the rim of Shell 2
and Shell 3, possibly residing at the region where the two
shells intersect. Although both Shell 2 and Shell 3 are pro-
posed to be expanding shells, the former is considered to
be originated from successive supernovae in the CMZ while
the latter is postulated to be the result of an ongoing cloud-
cloud collision with the timescale of ∼105 years (see also
Mart´ın-Pintado et al. 1999, on expanding shell in NH3).
4.2 Scenario of an early cloud-cloud collision?
Our present observations have revealed the following pieces
of evidence about the gas kinematics toward G+0.693.
• From the velocity channel maps, two velocity compo-
nents 50-60 km s−1 and 70-90 km s−1 are identified.
• The distribution of two components overlaps toward the
southern and northern part while the middle part is spatially
separated.
• In the position-velocity diagram, the red-shifted compo-
nent and blue-shifted component are connected by a bridge
feature.
At a glance, Figure 5(a) suggests that two clouds
are likely interacting, possibly colliding against each other.
Hence in the following, we will interpret these observational
features by making comparisons with the common observa-
tional and theoretical signatures characteristic of the cloud-
cloud collision scenario. As one of the outcomes of cloud-
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Figure 8. A sketch of different observed kinematic features toward G+0.693 region. G+0.693, Sgr B2N, and Sgr B2M are denoted by
red cross, cyan circle, and magenta square respectively. White cross and grey circle indicate respectively the tip and the base of the
conical PPV-structure reported in Henshaw et al. (2016). Black and shaded ellipse refer to the ’hole’ and the ’clump’ features observed in
Hasegawa et al. (1994). Orange circles denote the expanding shell 2 and 3 in Tsuboi et al. (2015). Green arcs denote the open stream(s)
proposed by Kruijssen et al. (2019).
cloud collision, complementary distribution between two col-
liding clouds at distinct velocities is expected (Habe & Ohta
1992; Anathpindika 2010; Takahira et al. 2014; Torii et al.
2017; Fukui et al. 2018b). Such complementary distribution
is presented particularly between colliding clouds with dif-
ferent sizes in which the smaller cloud creates a cavity in the
larger cloud. From the model prediction of collisions between
two spheres of different sizes, Figure 6 in Takahira et al.
(2014) presented the snapshot of surface density plots of the
collision model at different relative velocities. The comple-
mentary distribution that is accounted for by the cavity is
determined by the size as well as the travel distance of the
smaller cloud since the initiation of the collision. In addi-
tion, depending on the angle of the relative motion to the
line of sight (θ), the smaller cloud can be coincident (θ=0)
or displaced (θ ,0) with the intensity becoming depressed in
the molecular distribution at the velocity of the larger cloud
(Fukui et al. 2018b).
In the case of G+0.693, the two velocity components do
not show clear complementary distribution but overlap with
each other for most part of the cloud. Comparing our results
with the collision models of Takahira et al. (2014), this may
indicate the collision have just been initiated and the cav-
ity has not yet been created by the smaller cloud. Several
observations toward young high-mass star-forming regions
that are proposed to be at early stage of cloud-cloud col-
lisions also showed less or non-existent complementary gas
distribution between the colliding clouds (e.g. Fukui et al.
2016, 2018a; Hayashi et al. 2020)
Another observational support of cloud-cloud collision
is the presence of the bridge feature. It represents the
shocked interface layer in-between the two clouds and it
manifests itself as a velocity component connecting the two
clouds at the intermediate velocity in a position-velocity dia-
gram. Haworth et al. (2015a,b) presented synthetic position-
velocity diagrams based on hydrodynamical simulations
from Takahira et al. (2014) and Shima et al. (2016). Con-
sidering the velocity separation of ∼20 km s−1 between two
clouds identified in G+0.693, the bridge feature revealed in
position velocity diagram (Figure 5 (f) and (g)) seems to be
consistent with snapshot of these diagrams taken between
0.4 Myr and 2 Myr after the onset of the collision (see Fig-
ure 7 in Haworth et al. 2015a). This agrees with the absence
of complementary distribution in our observations as the col-
lision has just begun and the bridge feature has started to
form. Nevertheless, the strong enhancement of SiO emission
toward G+0.693 may serve as evidence for supersonic shock
waves that are generated at the beginning of a collision (e.g.
Hasegawa et al. 1994; Tsuboi et al. 2015).
The detection of bright class I methanol masers toward
G+0.693 also strengthens the scenario of cloud-cloud colli-
sion. They usually act as tracers of interstellar shocked gas.
Particularly, studies have found class I methanol masers to
be excited in the shocked regions associated with molec-
ular outflows (e.g. Kurtz et al. 2004; Voronkov et al. 2006;
Cyganowski et al. 2009), interaction between supernova rem-
nants and molecular clouds (e.g. Sjouwerman et al. 2010;
Pihlstro¨m et al. 2011; Frail 2011; Pihlstro¨m et al. 2014), in-
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teraction between expanding H II regions and the ambient
molecular environment (e.g. Voronkov et al. 2010, 2012) and
cloud-cloud collisions (e.g. Sobolev 1992; Salii et al. 2002). In
the CMZ, the interaction between enhanced cosmic rays and
molecular gas can also be responsible for class I methanol
masers (Yusef-Zadeh et al. 2013).
Opposite to star forming regions with protestellar out-
flows, where the 44 GHz line is usually found to be stronger
than the other methanol maser transitions (e.g. Pratap
et al. 2008; Voronkov et al. 2014), the 36 GHz line ap-
pears to be more than an order of magnitude brighter than
the 44 GHz transition toward G+0.693. Besides, no stud-
ies so far have reported in G+0.693 accompanying emission
from 6.7 GHz class II masers, 22 GHz water masers and
other transitions that are typically found in star-forming re-
gions (Ladeyschikov et al. 2019; Lu et al. 2019a). All this
suggests that molecular outflows and expanding H II re-
gions can hardly be responsible for the methanol masers in
G+0.693. Although the 36 GHz line is observed to be more
intense than the 44 GHz line in regions shocked by super-
nova remnant-molecular cloud interactions (e.g. Pihlstro¨m
et al. 2011, 2014), they are expected to be accompanied
by OH masers at 1720 MHz (e.g. Yusef-Zadeh et al. 2003;
Frail 2011). Toward G+0.693, the absence of OH masers as
well as other observational signatures of supernova remnant-
molecular cloud interaction summarised by Slane et al.
(2015) indicate that such interaction is unlikely the mecha-
nism to produce methanol masers detected in this study.
From our available observational data, one remarkable
result to note is that the strongest integrated intensity over
velocity between 70 - 80 km s−1 (see column 3 in Figure 4
of shock tracers SiO, CH3OH, HNCO and SO superimpose
spatially with the location where the most intense 36 GHz
and 84 GHz methanol emission is observed by Liechti &
Wilson (1996), Jones et al. (2008), and Jones et al. (2011)
(roughly at α(J2000.0)= 17h 47m 21s and δ(J2000.0)= -28◦
21′ 23′′). This is specifically the position located right above
box 2 where the blue-shifted component interacts with the
red-shifted component in Figure 5. The enhanced abundance
of SiO and HNCO observed toward G+0.693 is suggested to
be produced by large-scale low-velocity shocks present in
the region (Mart´ın-Pintado et al. 1997; Minh & Irvine 2006;
Mart´ın et al. 2008). From this perspective, shocks generated
by the collisions between two clouds are favoured in our case
to provide the excitation responsible for the class I methanol
maser.
A similar case is reported in the extragalactic source
NGC 253 (Ellingsen et al. 2017). Other than detecting 36
GHz line about two orders of magnitude higher than the 44
GHz line, the integrated intensity of SiO is shown to be coin-
cident with that of the 36 GHz methanol emission. The au-
thors proposed that the methanol maser emission originates
in a region with a significant rate of cloud-cloud collisions.
The alike interpretation of class I methanol masers between
G+0.693 and NGC 253 is consistent with previous studies
that show a striking similarity in chemical abundances and
excitation conditions between the two regions (Mart´ın et al.
2006; Armijos-Abendan˜o et al. 2015).
4.3 Origin of the rich chemistry in G+0.693
G+0.693 is a molecular cloud in the Galactic centre that ex-
hibits a very rich chemistry, comparable to that observed in
star-forming regions in the Galactic disk. However, the SMA
and ALMA continuum maps show that G+0.693 does not
seem to be associated with any thermal continuum source
and the dust temperature (≤20 K) is considerably lower than
the gas temperature (30 - 150 K). Both of these imply that
stellar feedback is likely not responsible for the high abun-
dances of molecular species such as HNCO or CH3OH mea-
sured in this position (e.g. Requena-Torres et al. 2006; Zeng
et al. 2018). A low excitation temperature of ≤20 K has been
found for numerous COMs detected toward G+0.693 (e.g.
Requena-Torres et al. 2008; Zeng et al. 2018), which can be
explained by the low gas density (104-105 cm−3) of the cloud
that allows the sub-thermal excitation of COMs.
On the other hand, as a consequence of a cloud-cloud
collision, shocks are expected to sputter efficiently the icy
grain mantles ejecting molecules formed on grains into the
gas phase. Such mechanical process does not only explain
the extended distribution of different molecular emission re-
vealed in this study but also the high gas-phase abundance
in this region. A large condensation of gas is found to coin-
cide with the position where two velocity components likely
interact in G+0.693. In other words, the gas condensation
may be formed by the cloud-cloud collision which has en-
hanced the gas density of the region and the induced shocks
would activate the rich chemistry in G+0.693. The RADEX
analysis of J2 - J1 E series of methanol masers is found to
trace higher gas density than (J+1)−1 - J0 E series meaning
that the collision giving rise to the methanol maser J2 - J1
E series is in the higher post-shock density. However spatial
distribution of J2 - J1 E series is required to confirm the coin-
cidence between the region where this maser originates from
within the region where the collision occur. Furthermore, it
is natural to assume the physical and chemical properties of
the surrounding gas are also modified by the shock driven by
this cloud-cloud collision. This is supported by the presence
of another molecular condensation that is observed in shock
tracers such as SiO, HNCO, SO and CH3OH by integrating
intensity over velocities between 70 - 80 km s−1. This posi-
tion also coincides with that reported for the strong emission
of (J+1)−1 - J0 E methanol maser. From the RADEX mod-
elling results, we find that the gas kinetic temperature is
hard to be constrained which could be due to the Eup of
the detected transitions being lower than the actual Tkin. It
may alternatively indicate this region is not at a constant
temperature and this is not surprising in a shocked region
where temperature varies rapidly with time and space.
The CMZ in the Galactic centre is rather a complex
environment where many energetic phenomenon can play a
role the chemistry of the molecular gas. For instance, X-rays
and the enhanced cosmic-rays ionisation rates have been in-
voked to account for some of the abundant COMs detected
in G+0.693 (Zeng et al. 2018). All the arguments above em-
phasise the suggestion that shocks induced by the cloud-
cloud collision is likely the most important process responsi-
ble for the high level of chemical complexity observed toward
G+0.693.
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5 CONCLUSIONS
For the first time, we have studied the small-scale mor-
phology and kinematics of G+0.693 by using interferometric
data in combination with single-dish observations. The ma-
jor outcomes of the paper are as follow:
• No clear continuum peak is detected in the 1.3 mm con-
tinuum map obtained with the SMA, supporting the quies-
cent nature of G+0.693. This is consistent with previous
studies carried out with ALMA at 3 mm (Ginsburg et al.
2016).
• From the SMA spectral line observations and comple-
mentary APEX sing-dish data, we found that the general
molecular gas distribution toward G+0.693 is extended and
elongated in the north-south direction. A molecular conden-
sation is revealed in an offset position from the pointing posi-
tion of G+0.693 which implies the existence of sub-structure
that has not been uncovered previously.
• Two molecular components appear at the velocity
ranges of 50-60 km s−1 and 70-90 km s−1 as identified from
the molecular gas emission of shock tracers such as HNCO,
SiO, CH3OH and HNCO. Their integrated emission map
and position-velocity diagrams depict observational charac-
teristic of a cloud-cloud collision that has just been initiated.
• A total of 11 transitions from three different series of
class I methanol masers are detected toward G+0.693 in our
GBT, Yebes 40m and IRAM 30m single-dish data. This type
of masers are associated with shock interactions, supporting
the idea of a large-scale cloud-cloud collision. We modelled
the multiple transitions of J2 - J1 E series and (J+1)−1 - J0
E series with non-LTE calculations to provide constraints
on the physical conditions in G+0.693. We obtained differ-
ent excitation conditions for two series which may indicate
they arise from different regions in G+0.693. The analysis
also provides a strong constraint on the gas density which is
between 104-105 cm−3 but not on the gas temperature. The
large range of the gas temperature obtained from the mod-
els may be explained by the idea that the class I methanol
masers originate from a shocked region which is presumably
affected by the event of a cloud-cloud collision.
• The characteristics of the class I methanol masers stud-
ied in G+0.693 appear to share remarkable similarities with
the class I masers detected in the extragalactic source NGC
253, which has also been proposed to be experiencing cloud-
cloud collisions in its nuclear starburst.
In summary, our results are consistent with the pro-
posed idea that the chemistry of G+0.693 is dominated by
low-velocity shocks which are likely originated from the oc-
currence of a cloud-cloud collision. If this holds, it is ex-
pected that such collision would enhance the gas density to
levels at which star formation may proceed.
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Figure A1. HNCO(10-9). Caption is the same as Figure 5.
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Figure A2. SiO(5-4). Caption is the same as Figure 5.
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Figure A3. SO(6-5). Caption is the same as Figure 5.
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